Introduction
The sacoglossan mollusc Elysia chlorotica Gould has evolved the means to both protect itself from predators and exploit the sun's energy to feed itself by establishing an intracellular endosymbiosis with chloroplasts from the chromophytic alga Vaucheria litorea C. Agardh (Graves et al., 1979; West, 1979; (Fig. 1) . Following the kleptoplastic acquisition of the plastids, the green, shell-less sea slugs cannot only hide by camouflaging themselves as rippling leaves, but they can also sustain themselves by pho- Chloroplast from panel C revealing two surrounding membranes: 1 and 2, chloroplast double envelope, (E) Transmission electron micrograph of chloroplasts 48 hrs after isolation with greater than 70% remaining intact. (F and G) Phase contrast microscopy images of chloroplasts after 0 and 72 hrs isolation. Intactness was estimated based on the presence of bright chloroplasts surrounded by a bright, intact halo. At least 50% of the isolated chloroplasts were still intact at 72 hrs. Magnification bars in panels A, C, and E are 1 µm; images in panels B and D were magnified ×105,000; panels F and G, magnification bar is 10 µm. the extreme functional longevity (up to ten months) of the E. chlorotica/V. litorea plastid association is unique.
Establishment of the symbiosis
The symbiotic association has not progressed to a hereditary one where the plastids are passed from one generation of sea slugs to the next. Instead, the association must be established anew each year and is required for the sea slug to develop into a mature adult animal, at least in laboratory experiments (West, 1979; West et al., 1984) . Adult E. chlorotica produce non-pigmented eggs (Fig. 1A) in late spring and planktonic veligers hatch shortly thereafter and spend about 14 d feeding on unicellular algae (West et al., 1984) . The endosymbiosis is established by young juvenile sea slugs puncturing the siphonaceous algal filaments (Fig. 1B) and "discarding" everything except the chloroplasts (Fig. 1C) , which are phagocytosed into cells of the digestive gland (Graves et al., 1979; West, 1979) . Very little is known about the actual engulfment of the plastids and virtually nothing has been reported on the molecular basis of the recognition, selection and retention processes. Within the sea slugs, the chloroplasts are in direct contact with the animal cytosol and surrounded only by the double chloroplast envelope (Graves et al., 1979; Mujer et al., 1996; Rumpho et al., 2000) as also observed in plants and green algae (Cavalier-Smith, 1995 ). In contrast, in the alga the plastids are found within the endoplasmic reticulum (ER) and surrounded by a total of four membranes: the typical chloroplast double envelope followed outward by the periplastid membrane and the chloroplast endoplasmic reticulum (CER) (Figs. 2A,  B) . These latter two membranes are remnants of the secondary endosymbiotic origin of V. litorea and characteristic of chromophytic algae in general (Gibbs, 1979 (Gibbs, , 1981 Cavalier-Smith, 1995 Ishida et al., 2000) . This loss of the outer two membranes is also observed after mechanical isolation and Percoll purification of plastids from V. litorea (Figs. 2C, D, E) . This change in membrane organization could influence recognition and uptake of the plastids as well as potentially impact lateral gene transfer and protein targeting mechanisms in the host animal cell, as discussed later.
Chloroplast evolution and gene transfer
This long-term symbiotic association between E. chlorotica and V. litorea chloroplasts is exceptional for several reasons. First, the "symbiont" is not a genetically autonomous, complete organism, but rather an isolated, semi-autonomous organelle (chloroplast). This has led some to prefer to call the captured chloroplasts, kleptoplasts, rather than symbionts and the event, kleptoplasty, rather than symbiosis (Clark et al., 1990; Raven et al., 2001) . Second, unlike most symbiotic associations involving unicellular algae, the chloroplasts are housed intracellularly and not sequestered between cells or within a vacuolar membrane (Mujer et al., 1996; Rumpho et al., 2000) . Third, and perhaps most remarkable, the semi-autonomous plastids remain functional for up to ten months within the foreign mollusc cytosol . This type of long-term activity by isolated plastids is astounding considering that the majority of genes responsible for plastid metabolic activities including carbon fixation, lipid, amino acid, pigment, and starch biosynthesis, plastid division, plastid gene expression, and regulation of photosynthesis were transferred from an ancestral cyanobacterium to the host nucleus following the initial primary symbiotic event (reviewed in Martin and Herrmann, 1998; Cavalier-Smith, 2000) . Subsequent secondary and tertiary endosymbiotic events have been accompanied by additional lateral gene transfer of chloroplast targeted genes to the new host's nuclear genome and adaptation of the host machinery to express and re-route proteins back to the organelle which now has acquired additional membranes as a result of the multiple symbiotic events (CavalierSmith, 2000) . Recent reports suggest that functional chloroplasts require anywhere from 2000 to 4000 protein products (Martin and Herrmann, 1998) . Thus, even the red alga Porphyra purpurea with one of the largest chloroplast genomes (191 kb), codes for only about 200 proteins or less than 10% of the minimum number of gene products required for plastid activity Munholland, 1993, 1995; Kaneko et al., 1996) . All chloroplasts then are ultimately dependent on their own nucleo-cytosol for protein synthesis, targeting, and regulation of just about every function of the organelle, rendering them semi-autonomous organelles and, theoretically, not capable of sustained activity in isolation.
Symbiont activity
Despite what we know about chloroplast autonomy, V. litorea chloroplasts remain structurally and functionally intact for months within the sea slug cytosol and for several days in a test tube. We have evaluated the extent and longevity of plastid structure/function in the sea slugs by analyzing microscopic images (Mujer et al., 1996; Pierce et al., 1999; Rumpho et al., 2000) and measuring oxygen exchange Green et al., 2000) , CO 2 fixation and Table 1 ), photosynthetic electron transport (Green et al., 2000) , enzyme activities (unpublished results), constitutive and de novo chloroplast polypeptide banding patterns (Mujer et al, 1996; Pierce et al., 1996; Green et al., 2000) , accumulation of chloroplast transcripts , and chloroplast protein import (Fig. 3) . The results of some of these experiments are discussed below and reveal that a significant number of processes related to gene expression, protein biosynthesis and targeting, light energy capture/transfer and CO 2 fixation/reduction are all occurring in the kleptoplasts for several months, enabling long-term photosynthetic activity and survival and reproduction of the animal. The last half of this paper focuses on the question of how the sea slugs and plastids may be accomplishing this unprecedented feat.
Photosynthetic activity
Measurements of O 2 evolution/uptake and CO 2 fixation rates in whole animals and photosynthetic electron transport rates in isolated thylakoids confirmed that the kleptoplasts remain photosynthetically competent and capable of splitting water through at least seven months . Almost all activities showed some decline after five months, corresponding with the overall decline in metabolic activity of the aging animals. Photosystem I activity of kleptoplast thylakoids, however, remained very high through seven months. Metabolite exchange between E. chlorotica and the kleptoplasts has not been well defined. To address this, we examined 14 C-metabolites in the sea slugs and algae following incorporation of NaH 14 CO 3 in the light (Table 1) . In four-month-old starved (kept apart from all algal sources) sea slugs, the rate of photosynthetic incorporation of NaH 14 CO 3 into 14 C-acid stable products was similar to that of cultured algae (2.2 × 10 4 vs. 3.1 × 10 4 dpm/min/g fr wgt, respectively) over a 1 hour labeling period, indicating that photosynthetic capacity is only slightly impaired when the sea slugs appropriate chloroplasts from the alga. In both organisms, most 14 C was directed into water-soluble metabolites. On a relative basis, the sea slugs accumulated significantly more 14 C into water-soluble metabolites at the expense of lipid, protein, and structural matter than did the alga. Labeling experiments using chloroplasts isolated from the alga revealed that glucose, ser, ala, asp, and an unidentified neutral metabolite exit the chloroplast. Identification of the neutral metabolite constitutes one of our continuing objectives. The differences in photosynthate allocation may reflect differences in the growth characteristics of the two organisms. The sea slug exhibits determinate growth and is postulated to require only maintenance levels of lipid, protein, and structural matter synthesis, but requires greater quantities of water-soluble metabolites to sustain respiration for locomotion and homeostasis. The alga, however, exhibits indeterminate growth and a sedentary existence. Greater allocation of 14 C into lipid, protein, and structural matter would be necessary to sustain algal growth. The major distinction between the sea slug and alga was observed in the amount of 14 C ex- S-Met in vitro. Translation was stopped and the radioactive precursors (Tp) were mixed with purified V. litorea chloroplasts and Mg-ATP in a standard import reaction (Lawrence et al., 1993) . Intact chloroplasts were re-purified and either immediately dissolved in protein sample buffer (C) or protease treated (CP) to degrade polypeptides on the surface of the outer envelope. An aliquot of the import reaction was also osmotically lysed prior to protease treatment resulting in complete degradation of the imported protein (CLP). A single 45 kD polypeptide was imported in both cases and this peptide was resistant to external protease treatment unless the chloroplasts were first lysed. This suggests that Elysia and Vaucheria are both expressing at least one chloroplast localized precursor capable of post-translational import into Vaucheria chloroplasts. ss, size standards in kD.
creted from the two organisms. Whereas significant quantities of photosynthate were released from the alga, essentially no 14 C escaped the sea slug during the 1 hour labeling period provided that the sea slug was permitted to equilibrate for 20 min. prior to administration of NaH 14 CO 3 . In fact, after an initial excretion of 14 C into the medium by the sea slug, the amount steadily declined for the next 55 min. (thus, the negative value in Table 1 ).
Constitutive and de novo protein synthesis
Several chloroplast-encoded proteins involved in the light reactions of photosynthesis and the flow of electrons through the photosystems and the cytochrome complexes are maintained in the sea slug at levels similar to that in V. litorea for up to 5 months . Levels of photosystem II proteins decreased earlier than photosystem I. This correlated well with electron transport activity and the photosystem I associated generation of ATP by cyclic photophosphorylation as a likely source of metabolic energy for the sea slugs. Protein levels of both plastid encoded subunits of the major carboxylating enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) remained relatively constant for at least six months in the sea slug (Green, 2000) . Rubisco activity was measurable throughout the nine months (unpublished data), but the ability to activate the enzyme declined after six months coincident with a decrease in protein levels of Rubisco activase, a plant nuclear-encoded gene product (Green, 2000) . Considering other nuclear-encoded chloroplast-localized gene products, levels of a protein homologous to a light-harvesting fucoxanthin chl a/c binding protein and an essential Calvin Cycle enzyme, phosphoribulokinase (unpublished data), remained relatively unchanged in E. chlorotica for nine months and comparable to that detected in algal extracts. Potential sources for the continued existence of these algal nuclear-encoded proteins in the kleptoplasts are discussed below. Employing plastid vs. nuclear protein synthesis inhibitors, revealed that kleptoplasts synthesize several proteins themselves and the sea slug nuclear genome may code for some of the labeled proteins, targeting them to the chloroplast . Specifically, at least six labeled proteins were detected in chloroplasts isolated following in vivo labeling of E. chlorotica with 35 S-Met and their synthesis was insensitive to inhibitors of chloroplast protein synthesis . Over time, de novo synthesis of thylakoid and soluble polypeptides decreased in E. chlorotica, but at least four major peptides detected in the algal thylakoid extract were also detected through nine months in the sea slugs . Identified translated proteins include plastid-encoded PSII D1 protein and the large subunit of Rubisco.
What sustains the long term symbiont activity?
Considering the absolute requirement for nuclear gene products for plastid function, the level of chloroplast activity observed in the animal cell over the course of several months is quite remarkable. We are pursuing several avenues to try to explain how this might be pos- 14 C release following incubation with pronase and amyloglucosidase, respectively. 14 C remaining in the pellet was presumed to be in structural matter.
14 C excreted from the tissue was recovered in the incubation medium following acidification with HCl to liberate unincorporated label. 14 C in each fraction was quantified by liquid scintillation spectroscopy. Water-soluble metabolites were identified by the method of Moore and Seemann (1990) . NA = not applicable. sible including: 1) determining if an algal nucleus or nuclear genome is present in the sea slug, 2) sequencing the chloroplast genome to better evaluate the degree of genetic autonomy of the kleptoplasts, 3) analyzing the degree of structural and functional stability of isolated V. litorea chloroplasts, 4) determining if unusual protein stability or differences in chloroplast protease activity exists in the alga vs. the sea slug, 5) examining if nuclear encoded sea slug proteins could be redirected to the kleptoplasts to substitute for algal products, and 6) searching for any evidence for lateral gene transfer from the algal nuclear genome to the sea slug nuclear or mitochondrial genomes. Our progress in evaluating each of the above, are discussed below.
Algal nuclear genes in the sea slugs
We have ruled out the presence of an algal nucleus/nuclear genome in the sea slug based on electron and fluorescence microscopy observations and negative results from probing sea slug DNA with a V. litorea nuclear DNA gene probe to the multi-copy ribosomal intertranscribed spacer (ITS) region (Mujer et al., 1996; Rumpho et al., 2000; Green et al., 2000) .
Chloroplast gene autonomy
The V. litorea ctDNA genome is 119.1 kb . Sequencing of the ctDNA is revealing the genetic makeup and whether selective gene retention promoting the symbiotic relationship has occurred. To date with about 70% of the ctDNA sequenced, we have found that it contains many more genes for photosynthesis (5), gene expression (8) and miscellaneous functions (10; chaperonin, chlorophyll biosynthesis, proteases, amino acid synthesis, nitrile hydratase activator) than plastid genomes of green plants and green algae (Table 2 ; Martin and Herrmann, 1998; Kapoor and Sugiura, 1998) . All of the genes listed in Table 2 are found in the red algal ctDNA of Porphyra except trnN and nha3 (Reith and Munholland, 1995) . Interestingly, nha3 is an activator of nitrile hydratase which has been identified in bacteria and fungi where it functions in nitrogen assimilation (Yamada and Kobayashi, 1996) . The route of assimilation of nitrogen in the sea slugs is not known beyond the report that free amino acids can diffuse across the surface of the sea slug (DeFreese and Clark, 1991) . Whether the presence of nha3 indicates a different nitrogen assimilation pathway is in operation, remains to be determined. Several V. litorea plastid genes identified to date are not present in the plastid genome of another chromophyte, Odontella (Kowallik et al., 1995) . Thus, it appears that although the chloroplast genome size is average in V. litorea, the number of genes will be relatively high and include several not found in other plastid genomes. Although it is not possible that there will be enough genes packed into the genome to account for all of the activities necessary to sustain an autonomous organelle, it will be interesting to determine if regulatory genes have been preferentially retained, e.g., psbW and ClpC (Shi et al., 2000; Sokolenko et al., 1998) .
Chloroplast stability
Upon isolation, V. litorea plastids display an unusual structural and functional stability compared to plant plastids (Lilley et al., 1975; Kaiser et al., 1981; Seftor and Jensen, 1986) . Whereas spinach plastids burst and cease to function within hours of isolation, V. litorea plastids remain at least 50% intact (Walker et al., 1968;  therefore, unusual nuclear transcript stability is also not likely. We have not ruled out lateral gene transfer altogether and are continuing to clone additional gene family members for each of the three proteins already examined as well as additional nuclear-encoded chloroplast genes from V. litorea. If we conclude that the algal nuclear genes have not been transferred to the sea slug and long-lived transcripts are not present, then we are left with considering that these algal nuclear-encoded chloroplast-localized proteins are incredibly stable. While some structural proteins are very stable, chloroplast proteins, especially thylakoid proteins, exhibit rapid turnover due to photo damage and generation of reactive oxygen species (Mattoo et al., 1984; Zer and Ohad, 1995) . Proteases play crucial roles in the removal of damaged proteins and excess subunits, and the processing of pre-proteins and reassembly into large complexes (Majeran et al., 2000) . In the chloroplast stroma, bacterial homologs of multiple subunits of the Clp protease complex assemble to form active protease complexes (Shanklin et al., 1995) . In plants this typically involves two subunits of dual-genetic origin, the regulatory ATPase subunit ClpC which is nuclear encoded and the serine protease subunit ClpP that is usually plastid encoded, although some plants have been shown to also have a nuclear gene for ClpP (Sokolenko, 1998; Lindahl et al., 2000; Majeran et al., 2000) . In contrast, in the chromophyte plastids examined to date including V. litorea, the reverse has been found with ClpC, but not ClpP, being retained in the plastid genome (Hallick et al., 1993; Kowallik et al., 1995; Sokolenko et al., 1998;  Table 2 ). The make-up of the functional Clp protease complex in V. litorea plastids is not known and can vary among organisms (Sokolenko et al., 1998) . Additional sequence information will reveal if ClpP or other Clp subunits or homologs of other bacterial proteins which can substitute for the plant subunits, are present in the V. litorea genome. In addition to the Clp subunits, a homolog of FtsH, a thylakoid-bound protease (Lindahl et al., 2000) , has also been identified in the V. litorea plastid genome ( Table  2 ). The activity of these different proteases as well as protein turnover rates need to be measured to determine if a low level of protein turnover is typical of V. litorea chloroplasts or if it is an adaptation to or result of kleptoplasty and influenced by the localization of the Clp protease and other proteolytic complex genes. In summary, the long-term functional activity of the plastids appears to be supported by chloroplast and protein stability as well as contributions from the sea slug. It is apparent that the kleptoplasts both fuel the sea slugs and protect them, thus driving the formation of this association. What advantage the alga may gain from such activity, if any, is unclear. Regardless, the evolution of this association to a permanent, hereditary Green 2000; Figs. 2E-G) and continue to fix CO 2 and translate proteins after three days in the dark in a test tube under isotonic conditions (Green, 2000) . It is very likely that this robustness exhibited by the plastids themselves contributes to their surviving the uptake phase of the symbiosis. As indicated earlier, the outer two membranes are stripped from the chloroplasts during isolation, but this does not appear to impair stability.
Redirecting of animal nuclear encoded proteins to the plastids
Results discussed earlier suggested that some currently unidentified Elysia nuclear gene products are being imported into the kleptoplasts. Further evidence for this was obtained by incubating radiolabeled translation products from either Elysia or Vaucheria RNA with isolated V. litorea plastids. In both cases, a single 45 kD polypeptide was imported and this peptide was resistant to external protease treatment (Fig. 3) . Sequenced chromophyte plastid nuclear encoded precursors reveal that they are synthesized with an ER localization signal followed by the chloroplast transit peptide (Apt et al., 1994; Lang et al., 1998; Sukenik et al., 2000 ; accession nos. AF336982, AF336986). Since the periplastid and CER membranes surrounding the plastids in V. litorea are absent in the sea slugs, protein import would theoretically only require a chloroplast transit peptide as found in plants and green algae (Chua and Schmidt, 1978) . This process is similar to the mechanism of targeting and import of proteins into mitochondria in plants and animals (Bruce, 2000) . The loss of the outer two membranes reduces the restrictions on protein import into the kleptoplasts and opens the possibility for animal proteins to be "mis-directed" to the kleptoplasts. In fact, there are several mitochondrial (electron transport system, ATP synthase complex) and cytosolic proteins (gluconeogenesis and pentose phosphate pathways) in animals which could substitute for the same or similar protein in plastids and there are several examples of dual organelle targeting of proteins (Chow et al., 1997; Creissen et al., 1995; Menand et al., 1998) .
Protein stability and lateral gene transfer
It is very possible that lateral gene transfer from the Vaucheria nuclear genome to the mollusc preceded the successful establishment of the symbiosis. Three algal nuclear-encoded chloroplast proteins (phosphoribulokinase, a light harvesting chl binding protein and Rubisco activase) have been detected in nine-month-old sea slugs. Southern analysis employing a single V. litorea clone for each, however, failed to detect any of the algal genes for these proteins in the animal (unpublished data). RT-PCR also did not produce positive results, one is clearly possible considering that primary and secondary endosymbioses ultimately led to permanent associations following the evolution of host mechanisms to synthesize and target proteins and symbiont mechanisms to import the proteins. The likelihood of incorporating these rugged plastids into other natural or artificial systems, is also quite promising.
